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Proposing and Investigation of the Performance of the New
Geopolymer Composites Mixture with Curing and Non-curing Condition

] oF A of al 7| aF
Phum Vo Anh Klsa Liwe, Kihak
ABSTRACT

The study proposes and develops the ew base of geopolymer peste ad mortar without
curing, matend of cunng i the oven wath high temperatwe as osual The content of Ay ash
md  sag  was wsed owith 0-1000% & well as te liguidisobid mte o 051 the  fie
gl olid: mitie of 1-5 n the experment,. For oomperison and eabustion, the Dwo differont
curing comdicons, at AT sl pon-osrng were appledd. I tems oof oomgressive strength of
pevgndyimes pueste angd paatar, e ogtimoonn recotmemiation for geopolvimer wuas choson,

1, Introduction
The dissbamtage of the green and eco-fomdly  geopolviner matirkil &= corng omditem o
setivate the chemical macton and dvelopment of drength, Themefore, o new progos  sod

wipwiuch for using widely this maberial for maodern constroction nesld o el opl The inflsenoe
of spce material My ash ond slag, e ssige of Bgudslid rutio, the fine mamegate’solid ratio
on the propertes of geopolymer paste and morar wis evaluaied m s wark

2, Exparimant mathodalogy

The geopolymer pasle ad imorter esre mixed by osing Oy oash. slag, alkaline  solution amd
firm mgggregate as shown in Figune | . There are O 0% of fy ash, 051 of Bepid'salid ratio
nned -5 of fine sgeregute solwd rato m the 3 mix poportione. The compressive oSt was
crmiad oul o obtein he sgength of geopd v composiliss of 28 diys old

3. Expenmeantal results

Figure 2 and 3 descnbod the wllomoe of the gquaptity of Oy ash and sleg corng aod
o -cuing condition in the paste mixture The greatest strength of geopolymer pase s G508
MPa by using 100% of <lag and withoil high tergemiune condithon. The emase of fly ash
conbind lesls @ the devremse of compressive strength, hppened 0 both coring conditions

« FAg, FEANGE, 2AEAMEFHEFY, Ay
e M, AFlTE, BN EE G5 kihakleedsejong e ke

¢EEIACESS 202] B fa3ds =F Y &1
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Figre 1, Exparimenl processing
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Figume 4. Strangih of morar
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Figura 5. Strangth of morlar
(Han-cudng

Figure 4 aned 5 Mlustraces the performance of geogolymer monar with corog and  mon -curing.
(rmerally, the specimens without cunng show e betler oomgeressive - strength then these of
specivwn cured gt BT in the oven, The highest arength was obtsined by uning Diepaid'solid. catio
of 08 and fire apgregaie nobid ratio of 2

4, Conclugion

This resesrch shown the new and  offective approsch of mix  popation of  geogolymer
compesttes with mon-ouring condition, mododing paste ad mortar, compared with the gsom) cuning
mwcthod sl the high termpemture The oplimom mixiure was chisen and developed for the santable
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Tree-based Models in Predicting Compressive Strength of HPC

Lot o s o 7| 8

Mpuven=Vu Lunt Lo, Kihak

ABSTRACT
This study presents the two Tee—based modds I predicting the compressive swength af
high-performeance concrete (HPC), namedy Classification and Regression Trees (CART) and Random
Forest (HF). The obiatned resulis in wsms of 0 FAWSE and MAE compared to previous method
showed that the RF can provide a sccarste solution for predicting the HPC 2trengrth

1. Intreduction

High-performance  concrete (HIC) 15 classified as a concrete made of suitable and complex
materials, which makes mvestugating its behavior a challenge. In previous research, a new
predctive lormulation for HPC strength using MARS method was proposed 1], However, the
predctalality was omsovative, thevelore, this paper porformed an applcation of  troe—based
appronches to impeove the nccuracy i the stretgth prediction of HPC including Classification
atwl Regresison Trees (CART) and Handorn Forest (RF).
2. Data description

A database of 981 HPC-tests was re-used from previous research [1] It includes one output
(CCS), and B input variables (cerment, blast furnace slag, Iy ash, water, superplasticizer, coarse
aggregate, fine aggregate and age).
3. Developed Tree—based models

Girid  search maethod an oplirruzation  solution, which was applied svccesslully in previous
studies |2, was also used W determine the best hyperparameter for tree—based models, There i
only one hyporporameter for CART model, complexity parameter, whose best value was
determuned to be (001, while the hyvperparameters of RF model are miy splirule and
mannode size found th be 5 ‘vadance and 2, respectively. The perlormance of HPC sirength
predicton for CART and RF models are depscted i Fig. 1 andd 2 respectively. It can be seen
qualtatvely that the CART model fendz o overfitting with many testing data points Be outside
the margm of =235%, while the RF model perform a better prodiction with atmost datn points
are within the error range of =A%,

Tahle 1 preseats the guantitatively comparison of predictive performano of various models,

» UM A3 a, saEAMAFGATY, G5
oo EYE AP E AR FER, T, khakleilwpong e e
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Figure 1. Predicive parormance of

CART moded.

Porolictudl svalus, OO (Rila)
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Flgurs 2. Pradictive performance of RF

This RF model shows the best performance with the
highest walue of 0911 ¥ and lowest values of 647 MPa
RMSE and 1272% MAPE entire data, following by the
MARS moxdel

The fndings show that the most significant infleence
variables are the Age of concrete and Cement content,
fullowing by watet content (WC) Cenversddy., the Gne
aggregate (FA) is the least important vanahle

4. Concluslon

Two tree—based models were appbed o predict HPC
strompth successfully,. The results revealod that the HF
model provides better predsctability of HPC compressive
sirength than the CART model and previous method -
MARS model as well,

Agure 3. Varlabie imporance obtalned from RF medel.

el
Table 1. Prediclive periormance of various models on bralning, lesiing and entire dalasel.
Trnnm,u: Sl '!'r.&h.ng ETE | Tiatal
Moeled P KMASE MAFE 2 RUSE MAFE RMS5E  MAFE
(MPa) *al {MPa} %) (Ml (9]
CART HE 612 1599 07 TAR 241 0BT 647 L6ET
RF (5% 517 13 UERLET| a4 11.56 08l 4498 1272
MARS [1] (1 HEH B3 156 (LR 549 12.02 G2 &0 14 KK
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Deep Learning based detection and segmentation
for masonry structural analysis: crack length
measurement
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actwal emviromment smch a: calculatine fhe coul of
rmmnniwthlhswu' we propece e method that
detecty muienry cracls and mastores the lmgth of orocks with
digital imases The sim of i study iy i implemeni Deep
Lsarmmg madel for crack detecnon on maemry rtrocrere asd
to apply the method of crack length meazerement additionally.
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1 INTRODUCTION
A structure baced oo maonry brcks = oos of the majer
building compensnss along the weoald Many hugoncal and
moders struciores hove been balt m oosonry bocks. Such
soractures hnve been found s be vulnsrable o secame tremen
and therefore thorouphgrang damage avesmment 13 regoeed
for smmble renfocement work [1] Detectine oacks
socurng m 3 wall of the buldmy souchrss 2w one of the
easentin] mepecton dem In parbeule in the case of old
baldng, wall oeds ae maﬁw sl
colapse and these cazes oe woeasng = o cauaitnes
Miamms| mepechon b the most wrml peence doe o the
bk of rebable alternarre =d s mmpbery. Even o, thas
iz srve. [abamows and subpetive mes It
e 1o of e e i st the wnrkon s s
mepechon directly op the nie In addimon objective resalis
eaznot be expected smes doffeenr okt can e damved each
tume depending on the workes's capabilite: ar somounding

exviramment [1] To solve thi: problem memerous shedees

bave -uggested compwsr wimon and

ndm.aqt-slnﬂlhctm:h m buildme structure [1][4]
Heverbelers there we shll timgs thay workers ama do

mamzally. As one of them, the hmgth of the crack mumt be
imeacared fox scourate mopecton before renfnrcesnent aork

Fanforcement work 1v comducred. much 2 the uyecuns
pecific matenal: o repan crack: on the wall Ik cost and
repan method changs depending on the length of the orack
Thus paperproposes an oversll fiamework and meshods for
detecnng pnd doms segmentsnon the cracks with a deep
learmung model and then weamnng ther langth sutomancalhy
The paper b= arganised a: follow:: In Sechan IT, we propose
an overall femewoark and methods. Furst, the workflow of the
Bamnewod snd the spplisd mathods tn this tome will e
exphmed Secnon I meroduces memes for av the
perforzance of the proposed deep leammg modsl and
mesrmared values (ncloded the mospes of visunled result) m
the experment. Fmally, Section [V conchades the paper.

O MATERIALS AND METHODS

A Prepoced overall framewori

The proposed overall framework is shown m Fipae 2. In
oy, wwhes an mage 12 ognated ode the famework the
ek of the image v detected znd preprocessed throush the
proposed methods to cutput the nunber of detected cracks and
the lenzth of all of them

Furstat all. an unags o wpated o the desp leamang mods]
The mwodsl wloch hae lesrned the festres of crachs im the
masonry wall umng oo dataset. detect cracks frough
spmenbhbon m tnape The resalt of this mode] 12 a gay
sealed mary mnage. (1 mbigl)

Additionally, the Contour Fherarchy algonttn = wed o
Lot the pe-ubee of the detected crack on the hnsry mage In
thus process. 2 boundmg box 15 penerated m that cracks {2 m
Egl)
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Then uung Skeleomzation method and Morphology
cpesation 3 tuckne:: of the detected crack 13 tran=fonned men
| pal fon the sccmae mexsrement of the leczh (3m Fig 1)
and wmeceary novwe oo mmage 1 removed (4 = Fig 1)

Fanally, the valse of the lensth of the cack that les heen
resmoved more and Tansonmed 1 tuckness 15 caloulared (3
mFig 1} It lensth 12 the tum of detected pixels

Diriers pames o #tmape

TagnAam ey " remmered. Sy tiarh (VP

Marmns o i Vs g

Lwmdaimg

o rark s b
Fg | Wodfow of th mopossd Saswenok {cossnins che modsl and
opossd method:]

B P ﬂpﬂﬂd mmade! mnd method:
1 LNer regmenanon mod el

The UNet [5] model & wsed for ow Gamewok. Tlas
mndel 12 » fully comvoluhona] netwerk-based model pr
fmuﬁae.emmmmmtnmﬁhmﬁeld Th.ef
apphad 1.|p-:n:np4.'ng snd ki archatecture of bm.n:l]:lr
5. The overall U-net mmclutecture 15 shown
m Figmws 2 m_huwndncd.ﬂpnrfm:mm'!mm‘n]
omedical mape sepmencbon probleme wmp Das
Angmertitan wth by 2 very mall amoust of rammg dr

|
[ |
%

!

Fg I The s brerhne df (e T-2Net ssgrreraion Deeh Lesenme moded

It mwonry wall cadk cepmenbtion problem, more
aecurate msd cendyirve model 1 required due to xctoss that
h.nﬁq"ﬂu.’unrhm:::hxpmhuzb-mnd:mmy
Trek and ey ctaans sned the svoart of dats for rammp evodal
15 zmall. Therwfore, we use 3 proven mode!l @ the beomedscal
field thet requwes hiph detsiled secwrsey and the wmal]
munber of data emroament

It Comtowr Hiwrarchy algoritm

Contowr [6] o= boundary selection of an ares hovmg the
szme calor oo the sane preel sahoe (mbenuty), It can be seex
22 3 lme compectng edge boumdsnes with the sme colet
imbmrethy

Inpmpn:-ndﬁ'muﬁ.ltw:;u:adh:-hmiliumnf
wpmented cracks and create boundmg boxes. Thiz foruses
only on detected cack: excepl upnece-iny aea by hinshne
the area for lugh accwacy Fipure ¥ shown an swmple of
Bteuy the ek ki of fhe el poadicd by
sepmentifon modsl Thee = moeffest of memevme
mnece Iy asas other than detectsd crack=

e ]
kb

NS VERETYy W
Fig 3. An susrgis af spphvins Corsoer Flsrarhy 1o masvery cociy
3} Ekalatonization muthod

The Skeletonrrstion 11 3 method of finding the thelenl
cumterkne of 3 peciic object @ by mage [7] g de
Chstanes Tran:form 1lzordem

Thus miethed finds the cenferlme of the erack of the banary
tnage predicted by the sesmentanon model and traneform o
imte: theckmess of 1 paxel Thas 15 becanse when meamrmg the
length of 3 aack, ducknes can ba rather the obstacle. Figms
4 shews 2n exanple of fdhe mamformonen of te detected
crack wamg thas method

Fig 4. Exatigies of appivioe the Thslssorizanon method o ameeesy ciacks
Jon 1= mde B Frownd-ooeh and o b side i el of the methed)

4 Moepholosy operation

The Merpholozy operanon 15 3 morpholopeal operanon
sach a: depon-me, Albng heles and attaching broken bne: m
the field al'mie_ae PIDCEsSInE

Among thew wel-knovwn operanons, the Openmg and
Clossne were psed to emphasse the centethne of the
Skelstomzzhon method s result and remeove 3 nonse apound the
lime like Frmare 5.
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Hp & Eusepls of the Sinrshaloly apesmos (on oA e 5
pround-ma and 66 Tk Ride s result o7 the SpeTaE

C. Daszer for pramisg and sasming the modsl

The data~et concisted urnu:.m:.r}' wall's front-sude e
rontamung one -of more caracks. Esch umapge 11 labeled a5 &d
sepmented the cracks

Atotal of 1,000
%65 rammg moge

3 weere wed for the dara divided min
3% woting mages. This datases was

wed for desp lemmens model tamime md perfrmencs
malaton In Fipoe 1 it can ses the anages and thes mask
pnape: mehisded in e datazet

Fig € Labsled mages of de mosoory ock datssr (emzmal amd coek)
I EXPERMMENT AND RESILY
A Metricz for evaluation of the model
The metncs wed o meanme An acomacy and svalinate a

performencs of the modsl sre » follows Iaecsd Indes Dhee
Coeficwnt, Hausdorff Dhstance [8]

I Joccard Index

The Jeccard Index 5 3 smnsne wed for prumng the
mmbanty md drersly of opie wmt Thn oesoe
umilynty betwean finls Lenple et and 1= defined 50 the e
of the miwsechon dnaded by e == of 2w woon of e
samale sets m the fllovans Equason 1 B i also generally

called Infesecton over Unon (Tol7y
G ne| una '
dailes U] A+ - jana] W

In confiion matees engployed for banary classifleaton
the Jaccard mdex can be framed w the follewing Equanon 2
Where TF are the fue poutves TP are tde false potinves, and
P are the false neganves and TN would be the tue negsfve:

Tawvcunl mikes = L )

TF+ FP+ FX

2 Dice Cogfficivms

The Dace cosfficient 1= o stetate wed o groge the
mmaianty of two smples. Groen twe s Xoand T, ot
defined 32 following Equstion 3 When sppled to Boaless
data, 1t can be written as follovang Equason 4

In Boolean dstaimary segmantzton map), thes metne 1=
the sasme 3 Fl score, caleulaspns fom the precrson and recall
of the st

_l|'|,||.|
%= ¥

¥ =

2P
P FPEN

A

mC = = F| nevirr

3} Hauzdorff Diztance

The Heusdooff Distanes meamures how far two subsets of
a2 metnc space are from each other. This 1 the metnc vadely
wed 1 the epnenGoon poblem and o wed o solve
matching problems This o bk findmg the ioneet dutincs o
a pomnt on the other ot based on ons et of ponty. Grven oo
pm-.ltﬂnmﬂa_lt:::hq-vmmEqnnﬁmi

84 mw..,.[.-wn_ﬂ:._.&“..q. A :'}

E Experiman emvironments

It was mamed the mods! with datn vonsmsted of banary
mage: For evalusting the peaformance of the model proasd.
taush and model's predction unage ware comparsd and fesed
wime § metnes (Secton [T A} The models fraiming and
testng were conducted at the workisianon w Tabie |

TASIEL WoREATATION SFRCIFCATION

Procewasr  Joosl(F) Comm{TO) (- SE200 CPU @ 3 30GH (0 core)

Meimory D aDivM Max T8 GH, DORS

| eru | *IDIA W00 [GeFarre GIX TIEAN X] 2 4

T Resuile of the modal
Since the perfamancs of detecnon and nutemate lensth

meosrmmes for mesomry wall owls depends oo the
accuracy of the sepmestston model the foos was on

evalnamnz it

1} Fiwalized rezults of the modal

The ground-trath snd nghlishting mmage: were oeated 1o
vimaly evaluate the sepmentnion process The model:
sepmantytion prediction resalt i ighlighted i seen color on
the mmages. We can mammvely check wiether an area other
than 3 crack 12 sepnented or oot

Sermewaier refilh af fe oostery
mgmpmr.f_mc‘nnqm
2b Remwits I mamics af the modal

The meodel zeomscy wmech a3 mean and  sandsrd
deration(=d) wrere caloulated for each metnc wemply, and the
resuln are shown in Takle 2

_13_
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D Recultr gf the propocad famseork

The re=ult of the proposed Bainenork 2 the lensth of the
orack tegmenied by the model Figus § shows the remilt of
the framenork 1 which the ma sy nall mags was iepufted

I

G-y [ RN T T T Cugay
R T
i L Bl gamls
= e
e o 1]

Tmpuri jemgn: TRE: m
ek bl B ke

Fie £ Fosudt of the simisy from the proposed ameweek

E show: the mput mmage the sesmentition mmage
pedicted by the model the Skeletomzsnon umape that
tram=fonmed the thickne:: of the crack i | poee! for measunng
the lenmb ard the setal result of the snplenses ted Bamewark

The calculated oeck langth from the proposed famework
18 5ot aF pivals detected as eracks. T¥fie pocition of his pivel
1 far from the possnon of apother posel. It i3 conmdered thas
mzel = not part of any cracks Thess pocels e not calenlated
5 oack boplhs The bmwy moge highlshied by 2 biue
_quar-m:qmﬂl =\'L.n:h::.n.unnfpn|é‘c:lcm:hﬂb} tha
ok lenmh

;f-

Fig ¥ Az wcurple of S cows iF i acraly coboboed sy ook leegh

IV CoMCLIPSION
I thy papar, we propozsd e method: and oo foo
matoenateally messurne the leneth of masonry wall cmckes.
The deap lemmng modal was apphed o deiect cracks and
swemenntion  and the Contowr Fhesareby alsoribm
Marphology opmanons and Skelstomzmoon method were

wed o mermnng e ccks Smee perfonmance of the
popoed famework depend: oo te accwacy of e
wpmennnon deep karmng pesdel. we forused o meaunnz
and evalmating the accuracy of thes model m the expenment
The scoumacy was caleuled by thoee meme:, of winch Dees
Coaffictent (F1 moom) wa: meazmed 2 0 373

Mot weeker marmally messures the length of cracks for
remforcament work on the soctos. These methods and
Eameworks proposed = ths paper can be an altermtnoe to
mesoanng ciack length only with imspes tahen by the wosrker

5 A

However, 35 ecplaned above, the pafomonce of the
proponed famework 13 dependent on the segmentanon model
Therefom, of = oecezzary to mmprove the acouracy of the meodel
mete In addinon. further snsdy 15 ale requised to convert the
lemgth of poml umt: mio actal eogths wch 23 contupeter and
mmllimster In Fuhse shadies we pbhn to wmdy © mmpeve
mn&-]'. hhﬂ-mmﬂ.nmmﬁmm:dﬂ ':‘.E!'ﬂ!.:
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(Fig. @) Masking of cracks using crack images
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(Recerved Docember 12, 2002, Bevsed Ociober 18, 2000, dccaprad June 18, 2027)

Abstract. Ths smdy smnm 1o proposs 8 wew maallipence wchmgue of predacen g e i copecity of axially loaded croular
concrete-filled speel mbe (CCFST) cobumne. A hyvbed svisem based on ome of he svobsnon sleonthm — Cenene Alsorthm

(GA), fased weh 2 well-known dam-dnren medal of mmlerarise adspms regresoon splzes (MARS), gamely G-MARS, wm
proposed and sgmBed To comtruct tie LARS medel o datshuse of 504 expeimental coses win collacted Bam the soxilibls
le=ramr= The GA was unlized 1o deermame o opoml senof MARS” iyperpammeten, o mprove the predimion soomcy. The
tompilsd daabase covend fie mpit tacebles, inchdoie the dismetes of the cinmiiar oo sechon-wection (O, the wall
deckpav of the soeel ube (7). S lmph of de colnmz (L), D comEesye sovams of de conaws () ood Ge vield soweml of
the sieed mbe (f). A new axplicis formalsnon was derived from MAFRS o further snslyus and |n estussnen BOOLERCY WS
valsdsid apmit 1 beochmak medel G-ANMN, sz smificial pewrsl serwork (ANK) cpmemed mung Se wme meabeanino
alppesihen The shsplsmion renin i wsems of smee mess snd cispesl ndices mibested dur the dermned formmils Bad o supsnat
capainbiy in predscony @ ulimae capacey of CCFST cobmmms, mlaave w de G-ANN modsl md @ oder stsuay sopancal
mends.

FKeywords: COFST, comcrere-filled sseel mbe columm svelunomsry bybnd medsl pemenc alponthm: mminvanss
sdaption repreviion spime: nitomate capacity

1. Introdwction sechons. The cornls CFST (CCFST) columes hove been

the mubject of consedersble recent Tesearch meeres bacauss
they exhibit supenor cipacibes {(Le. high stenmb heh
ducnliy, and sergy absorpion abulity), and especially,
ultmste  axmal . Cuakoumebs snd Lawm [2004)
wyeshgsted 15 o CCFST colmmes woder  amal

Concrete-filled sfeel tubular (CFST) columes are » type
of compoute smcture, made of hollow sieel tubes filled
with concrete A (FS5T column svatem he mechanses]
advantages over athes yumforced concieie or o sisal

memiber dae to the confimne effect of the wroundine sheel
which provides mcsaced stength and  dramatieslly
mts&!dudlhﬁnf:mmﬂcm Mloreover,
the zteel fobe actz a2z 2 per xr k that can red

compresiion with vEnow: concete compressive shemprhs
and outer diacweter to steel] fube theckne: tos Pormoles o
uI 2011} repowred 24 tesis conducted on slendsy CCFST
c filld math mormal Bigh and wlmalagh cwemph

coRuCNon s, plmﬁn.;ﬂdmmlm:t-snm Ara
sabill CFET sobms are Leiag - iuwesiudy naed
tiuoughout the world They are amploved m 3 vanery of
by platforms, brdges (Ghaanam o o 2004, Han o al
M4, Than 2016, Chen et ol 2019), ete

In general CFST columes are commorly fabncated 1
two fvpes of cross-sections] form eithes squme o cavale

*Coresponsdmg swthor, Profestor
E-mmf lshakles i sejons ac ke

“ThD

‘Pradeisog

“Profeor

FrD.

Copyright © 2021 Techno-Press, Lid
I PeERE- prEs i BUMAITass B ageE

concrets bath to concentnc and eccepme amal
loads Dhumde (2011} examned the behator of 24 CCFST
columes, loaded concenmically W compresmon o falwe.
Hi: study suspeited a possible canse for the fanlore mode of
e overall Sexural bockhing was the bage slendemess a0,
and wa: able o closely predict the wltmate load capacites
compared o some dengn codes. Ekmekyapar and Al-Elmn
(2016) mplemented ah experments] study with 18 dhan
wedmm, and long CCFST columns Thew results mmphed
some hrvtanons m Forecods-4 (2004} (ECY) whes wed o
estumate the uitumate axaal capacty of CCFST cobumns with
relate lendsmess ranee wmaller than 04, Xione & al
(20172, B} camed owt 3 congushensw

progam fo mveshpste the belwnor of CCFST columes
reanity meested that ACT 315 (2014) AISC 360-10,
ASS100 gave comervative predichons for the ubtemote axral

ISSN: 12258367 Print). t5E8-8233 Online)
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eapacaty of CF5T: with ultwa-ph woength conorete and
kigh temule stwel Furocode-d (ECA) alio gave conservative
resuits. if the confinement was not considered. Bnefly. the
ultmmate xwis] capacety & 4 crueisl mechapeal indes need to
mveshgate the paformapce of CCFST columns wnder amal
compressian.

The methods for modehng (CFST cohmm nitomate
Ama] compresuon fest e shle to accurmely menstes
sroctmal  belovior, bt twy o vy codly tumes
copmmane and labonons MNmnencal wmeolsnaes of CCFST
cohemns appled o predict thes ulbmste load kve oot been
sufficsertly wrvesngated (Evopen of @l 2014, Hap and 4n
2004} manly becanse of the challangw of comadermg all of
the eomplex condinens and marerial propames of a CCFST
cohomm which behaves lihe compozite matersal  Analytacal
methods are therefore a cost-effectve chowce to address thus
probilemn Theee sprooache: are mamly baved oo empoiest
amdar semu-empincal methods, whuch can provide accurate
results for the rnge of empemental dits from wiach they
ware dertved, bt they may nor fif well when spphed to newr
epterns] data (Beck o afl 2009, Li & af 1015 Thewe
drawbacks also sppear m vanous dengn codes which e
consdered i thes study ACTIIE-14 (20143 AISC
360-10 (2010), ASTI00.6 (2004), and Exrocode 4 (204
Table | swmrsnnes sk despn eodes provitions, themans
that theze above codes can pot cover the whols mnge of
material soength @ well as the secnon dendsmess rabo
(D¥f) Furthermors, the obtzmed result: for the saow
predlem oy be ineomstent berween the:s sodss malone i
dafficalt to achwrve 2 precise solubon for the witomate axeal
svenzth of COFST columns.

In recent vear: wath the ramd developmest and

probleny, expecially compeirte shnchmes
{(Abmmady ar ol 2014, 2017, Moon e al 2014, Gimewna o
al 2016}, By learmng fom dotnset s then ssprens mpnt
o output, the ML medels can cvesceme the aforementionsd
bmtsnons All of the Al methods commonly we 1 ungle o
byimd compuitonal wielbpent spprosche:. The  ongle
medels were proposed by Moon ar al (2014}, Gineyim o
al, (2016}, Abmads e al. (2014, 2017} Several modeds ke
been for bvind compuanonal mbelhpent
mathods (Ran e &l 2019, Sow er af 2019, Luat e of
3
20200
Amvufﬂﬁlpi&:hdhh:.lm‘.m‘nhﬁﬂ!\ﬂ_-
baced technques have been wersanngiv used to predict the
ultunate axzal capacety of CCFST cobnons Abmadh er al
2014, 2017) and Mguves & al. (2000) eoploved aruficial
menral petvodks (ANDT) to predict the performnce of the
CFST colmm: Gimewin o al (2016) uhhzed the gwne
erpresaon programeng (GEF) o defve 3 compact and one-
wepped predictve expresions for predictng the struchaal
response of CF5T column: However, most previons
Tesarches used mdnadual ML modsl to fram the represaon
problemss by wine experments] detvst while there are

Tabde 1 Provinons of currens design (odes

Proidsiogy ACI31E .ﬁﬂjlli ALSCIE EC4
£ pOa 172 25aES N-T0 W-%
5 i 235

S, P} CHS E0-40 < 535 150
i BT O3 <
el I

meighemane alrponthrs). which sre more acourste, rebust
and powerful By tramang dats, thess modals can deternzne
the ML's cpomal hyperpaameters. which mproves their
scrumacy and mobustmess & opoved  Mowere, de
propesed mdrvidual medels canmot ver be eoploved for the
Eall vange of poecial prepmities (Axei-kauatss W19, i,
woma! concrete, lagh wlne-logh soengh concrese. lugh
Beimibe st ased o dieiiiing mn axphieil Fowndiction B

pracheal desgn
Thes paper thus explosed a hybnd tellpence model
mamely G-MARS. that 1= 3 combmanon between

Lultivariste Adsptive Fesverson Sphnes (AIARS) and
Genetic algonthm (GA) to nprove the pradiction sccwracy

of the ultvnate amal expacaty of CCFST columms RIARS,
whach was fiost proposed by Fredman (1991), 1 capable of
firtine pon-linew comples relatossbins between 2 st of
predactors and dependent vansbies lopleosotng 3 MARS
mode] regures wers to choose mmng hyperparameters,
winch weindny the moooun sumber of wmm M,
T nteracnen beween varables L and pemire d
Theza hyperpramete: =w conadered 23 essenhal featmes
povermng MARS model compleary apd peneaimahon
Therefore, chizmmeg 2z optmml model 12 sentul o
achieve MARS peedichon scurscy  Foedman's
value ranges, with scnel hand-prcked vakoes mehant on the
datnset that 1 being deskt with Dhoe to this dowback other
searclung engines bave been developed to sobe de
optisusyhon problem sach 34 cuekioo search P50, arnficial
Yee colony (ABL), foeifly algonthm and genetic alponthm
Amons thess GA 11 the one ot hes besn most widely
emploved and apphed to zohw vanows mpeeernp
problese Maldel o al 3014, Gomes er al 3019, Lost e al
2020%. o thos study, the Geoetc Algonthm (GA) was
ublized 32 an evolutons] seach enmne bo obtam opfhesal
MARS byperparameter values

A aforemennoned the G-MARS mods] waz propesed to
Fﬂ.lc!lhlnlﬁnnhnﬂlcqﬂ:ilynfcmnuhnnhz-d
on 3 database of 304 experwrenta] remalts, wath fe mput
vanable: defined 22 the duameter of the cocular cross-
secnion (D), the wall tuckmess of the steel mbe (), the length
of the colmon (L), the compressne strenpsth of the conciets
i), and yield stwmpth of the steal fube () Subsequenty,
the obpective G-MARS model was then validated concermng
2 bybnd ANN model fired wath the e metahsinine
alponiton. mamed a1 G-ANN. In 3 fisther companson. the
obtained results from the G-MARS medel were compansd
wiih some denign codes and exstng methods, winch are
Tnefly revrewed in the nest secton
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Limmare arial cqpacy) prediction of COFST columnz wsme inbrd insellisende model: — & miw approach +£3

2. Owerveew of avallabie studies and current design
codes

For the ke of comparon fon typical code: are
conmderad m thin sudy such 2 ACTILE-14 (2014), AISC
360-10 2010). ASSI00.6 2004} and Furocode 4 (2004),
and vome of thewr modsficanon:, mehuding Gaakommalss and
Ly (2004} amd Wime aral (2017T).

21 ACIHE 142014

According to the ACT Comsmres 318 (2014, the
winnate compressrve shength of 3 CFST cohmim ooder an
woial loading 1= caloulxed by Eq (1) Ths formmtanon does
oot cover the effect of the thckner: of the sheel hube,
conerete confinement mnd the mteracnon betwesn the
concrete core and steel tube (Mpuven & af 2020), =
follows

N = pBEEA, + FA, n

2.2 AISC 360-10 (2010)

The formmly for deteroenmg the ultomate capacity of
CCFST cohmmn stated i AISCIS0-10 (2010} =5 gven =
N
2 [ [o.s5atm=t]

Ny = Z.Li'l'ﬂ. n]
DBTTN,,

K > 235N,

where. N, = 0¥ (EL,, )/ . in which El,; =ElL+
CiEdy G = [0 + 204, /A +4,)1] < 0%

- for compact secnon: Ny = fA, + 09554,

- for non-compact sechan:

Ba = fyhs + 038R A, — o E I T ( F
- for slandar section: Ny = f. 4, + 085174,
md, f, =0,
(=)
2.3 Eurncode 4 (2004)

The formmlee presemted m EC4 for predictimg fhe
comprezsve strength of 3 CCPST columm are axpressed as

tf
le=q‘_ﬁﬂ,+ﬁﬂf(l+nr5?§) 3
where. m.and n, e the weel reducoon Gcror and the
conerete enhncement Bictar. tespectively, defined
n, =025{3 +21) < 1.0,
n. =49 = 1851 + 1747 =0
L }”m
A= N < 0.5,
Na=FA +14,
Ny = 0 Elyp el
Elypr = B I, ¥ 08EL

2.4 ASS100.6 [2004)

Desmre the dufferent provinens, the foromia to predict
N, provaded by ASS1006 1= guete siemly to that provaded
EC4. 35 follows:

KM =a, (1+"‘Df)+”l";‘ [4)

M =49 =1BEA+ 17 =0
m, = 02503 + 24) < L0,

Hu-f"“'-.fj"l
N, = w3 (El,, /L
Elypp = E L, #E.d,

2 5 Ginkpuwmelis and Lam {2004)

Gukowmeh: md Lawm (200} moposed 2 predicme
equation for the aoal load capeaty of a CCFST column by
mvesnzenng 15 specimen: wath vanows concreie soemprh
and I¥r oo, Ths squation was wevised based on the
ACTAS aguanon 2= follows

Ny = 1304, + f A, 5

2.5 Wang & al (2017)

Bv unng nonlines regesion analysis on & wids range
of parameters, Wmgz of al (20lT) mopoced 3 mw
of 8 OCFST, = follows

N, =004, i A (6}

where the squiton: to predict the M — redwction factor
(smalley than 1} for the snensth conhibaton of the stesl
tube to consider the mffuence of concrete confinement and
possible local bocklng of the sweel mbe: and the m- -
amphficanon fctor (larger than 1) @ accoum for the
wmeversed strensth of concrete due to the confinement
effiect, are gven as
My = 095 = LL6F "% InfD.L4 D))

BiH LES
q;=ﬂ.?9+5.ﬂ4-[133{f) ;_p_.hI( j_-)
In Eqe (I} (§). f = concrete compressive strengh §

F
= the yield strength of seel tube; D = the column diameter; ¢
— the stes] mbe duckness; L — the column fengthc 4, — the
e of cheel componemt A - ths 2ma of concrete
component; N — the nommpal zgal compresave smength

= the ctical elastc load; Ely = the effective slaztic
faxural stffness, £, and I — the slashe meduhe and second
mﬂmiﬂ_rrp-cﬁ\ﬂ!;ﬂmdl—ﬂjﬂm
moduins and second momem of aea of concress,
rezpectiely. 1 - the cohnnn lenderress. N, - the sechon
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- N. — the oossechonsl Az
strength: and T, - the effective length of colume

3. Description of expenmental database

The axpermental dots meed 1w thes wedy comnsts of 504
moally loaded OCFST columns were collected Som varions
sode: ad compbed m (Loat ar ol 2020% The
coefimuranen of the CCFST amis]l comprecsen fest 1o
depizted 1= Fig 1

Some selecon cotens nesded 1o ensure the conumency
mﬂrﬂ:hﬂ&[ufdﬂmﬁ.mﬂ:zm}yoﬂhﬂm‘mh
rpecimens under monotome uneal compIestion, o
pecimen: with steel renforcement mode, and conmdenne
e wpmt vamables (I r.L_I:,.ﬂmdmlm.‘L Table
2 e the stansnes of te compiled mpar and ougrar
waruable: m terme of the traoung wed tesbhng wet, and whale
dafanst

4. Methodology and mode! development
4 1 Multvanale adaplive regression Splines (MARS)

Multvanste adapbve remresion sploes was S
mizoduced by Fredmas (19911, 35 3 procedurs for adapoe
ponbines and ponparsmetic regresuon that sakes e
herwesn the predictor: and the tarset carpats. The pensrsl
wpreznon of noppaametne regrenon can be mpressnted
B

¥ =f{’::|-‘u-—- Iu]=f{x}+r= n

mowheeh X =(x, =z %) 15 an i manx of § mput
featmws and 7 zamples and & 1= the oy detnbotien of the
1h sampie. alw called noize The mamn goal of tus
Tegeszugn o eshmate the general fmchon of hugh

— =t
.
Wy

Fig 1 The smal compresuon test confismanon for
CCTFET cohomns

M- Tl Zuar, Jhul Thin, Sare Whien Haw, Veoo-Finh Nogen oud Cibak Lew

Table 2 Smosteal of et and owrpat vanabies

Warisbls Miam Sl Mm Mz  Pmp
Presmerer of corulay qroas-secnea I ()
= T 15004 3 E1 8] a646  4118
= Test 1431 oo} B s00 sze
= Al 1420 618 381 4500 4119
TWall thickness of soesl mie. 1 (=m)
s Thin 418 144 52 12715 123%
= Teat 434 60 0.7 1235 1205
= AR 421 5 L] nE ns
Langts of cotvm, £ (mam)
«Tmm 13 18 1523 4pSB0 40047
= Tt 10425 10 1523 4180 0047
= AL 1131% 8L 1523 41850 40047
Compresaive smength of concrene. f (MiPa)
« Toin 4315 M5 92 1218 124
= Teut H4 50 ung 1218 W7
= AR 437 M7 22 12iF N4
Wield vremp of weel, £ (3P}
= T HE4 we 37 giF  apl
= Test 314 Bl 1857 ] 4104
= ARl T4 By 1857 [ FH T
Ulmmsre mial copaciry, N (K0
= Tmin 1733 1784 14 11885 11551
o Tt 1459 i 107 10401 B0
s AN 1728 1T6E 17 116535 11558

drensiona) srpments fx), xsx) dewctly, rather thas
o estmate paramsters. For thn pupess of 15 soumed dhot
FO0 4 & ool el et Trimtion

A MARS model v estsbhizhed by applvine bae
function {lmown a: berom) fo spprommoste the fencton
FX) Bams functions me splmes {also called smeath
pobyootmal:h winch have mece: moluding piece-wice
lnt:ndmﬂ-m.enht'hmmndﬁnmc:mu&b
topether However, only the pece-wne linews furchon o
expressed for mmphory The meerface pomts berwesn the
S pum pre called keots oflostrated s zolid
mearkers wn Fig 1 and denoted t The kmot location separates
the spling haws fanetion snte two-tided muncated fretors

h;t:—rl:[—f:—tm

:{Lr—-:r‘ of <t (®)
atharwse
bilz—t) =z - o))"
_Egl—tj* i x>t %
= atharwise
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Fig. 1 A smmple exampie of hpear splmes and knotz

where 1 i the koot location vt} and Byfv-g) are the
phne functions, the [1° emwres these valnes are pomme,
mnd the power q equals to 1 for sumplioty 2 meshoped
above

The gensral form of the MARS model for predicting
ouiput can be sxpressed a5

F=fU=e+ ) ubBul) (e
mel

where ¥ 1 the mput vanable; oy 15 2 constant; B/ 1 the

m® ban: hmcton; and r. 12 the cosfficient of Bt
In peneral, MARS contams the following thres steps: (1)
the combructve phae 3 forward stepwise algonthm o
salect certan spline basys functons, (u) the promsg phase: a
backward stepaise alponthm to delete wmecessary haus
functons ushl the “best” set 15 found, and (m) optamem
model selection The comstrartive phase Bt dtarts on the

mdmhﬂhmnﬂhﬂllmufmhnﬂ1ma&sm
define » paw of bass Bmetions At apch step the model
adopts the kot and it cormesponding parr of bams fenchon
that peoduces the mest ammificant decrere mn the resids]
= of :qume: enor Conzdenng 3 coment model wath
several basis fanchions (M), the newt pairs are sdded o the
model o the form

Cues Bl OV Hz — )] +en o Ba {5 — )]} a1

This process comfimaes mnhl the mosremm mmbes of
torms Mee 13 eached. The valow of M. shoudd be chotm
Larmer thas the optunsl medsl wre 39 refsrenced Fredows
(1991} Typucally, the bams fanchons additon jeads to a3
very complicated and everfit model In the second phase a
backward deletion 12 emploved to overcome s problem
The amn of ftus phase iz to find an cpomal model by
aswell Fredmen (1991) also recommendsd the peneralized
crox-valdation (GCV) ongmally proposed by Craven and
Wahba {1978) a5 a delshon entenon. The value of GOV
defined 2= follow:

I:: ow =3
* - oy g
whuiuuﬁen.nﬂ::ofh:mhmhmﬂh
of the i"-ﬂ.lta.jl 2 the predicted values obtuned fom the
MARS model of the ith data, and O/ = 2 penalty factor

that mereases wath the oumber of temm hat can be
deternuned 3z

Evl’.'l-"{'Hl— ==

M) =M +dM axn

whers d 13 2 cost pamaley factor for each base funchon
ophpnrxhen and B 8 smoothing parsvessr  Frsdmon
{1991} provided mos detmbs abous the selecton of d At
each bochwad step 2 bess funefon s removed 1o
minzmeze Eq. (T, uotl an adequately fittng modsl &= found.
Fimlly, in the thed phate the best MARS model is
salocted The Bowchart of the MARS model 12 shown m
Fig i

An analyas of vanance (ANOVA) decomposthion of the
Mﬂmhmﬂhmshmhn
lﬁlq.tﬂﬂﬂnlndlht'hn’ 1 Tl:l:l
mhﬂu:ﬂhbﬂmﬁrﬂnﬂsﬂﬁtmﬂum

fish=8 "‘Zfﬁ "‘Efu‘u *qur‘m

e Fea
where Tpfn & the wial basa fuetons et awolv
ﬁ?imﬁlmﬁiﬁ!.a.ﬁﬂ,uwhmm
hm&nlﬂﬁrm'nm:dzp,;fpxp
mepresents  the commbubons from  foee  vansbles
: ot G

Uimistimit s il
- Lasiii] Al ermes
- luafiilie puanter-
. '
Pruiiieg i
- Calesiiatn (I
= Lobote mauishen B0 |

=

l Clriv wyinl iy o s —I
i :

” e

Ehimiigy
Tmunkie
of [Fs

o Ot e b
o 1T
- -
3
Yes |
1
[ mw |

Fig 3 The fowchaat of the MARS model

_27_




480 M- Tl Zuar, Jhul Thin, Sare Whien Haw, Veoo-Finh Nogen oud Cibak Lew

4 2 Al neurad networks (ANN)

For the sake of benchmarimg the pedone
pefmmance of the proposed bybnd G-ALARS model the
ANN model, 3 regularly nsad mackme learmung model, was
fised wath the senene alporthen 1o buld up 2 byvbod GA-
ANN modal Geperally, AMNN 1 wed 33 3 coppmg snpoe
resulmng  im 5 pewral metwosk  suchoe  betwesn the
combmation of the predictor: (mput vanable:) and the
terzet (ougpest vanablel The ANDN strocture wnebides thres
man pagts one ioput bayer, one or more kidden Layers, and
s omrput Laver Fou enmnesnne applieanom. an AN with
e bidder liver o deal wath mod pobloe, a
demonated in (Luat o al 2030, MNpoven e al 2020).

T bl an AMN meodel of need= to be tramed . and there
e weverzl lewmmy slponthne curenthy svabable for dus
mm  In the clyssieal feed-forward ANN  omodel
Wumdhmﬂﬂmmm

resparches recosnited over several decades. The poamerpal
foarme that evalmtes the leamng proces o the cost
function i terme of the root me s square s (RASE)

The mom mpedmwnt of dus cost fometion 5 that the
model 1 ot nak of beane stmck in the local imieiermn
nnblm Thz hghhghis tw impormce of smplovng

A to optiniee the learmans procesy (Theap o
af!ﬂll'ﬂpm"wﬂ H19). Accordingdy, the benchoark
ANN model ey srudy wes oeeprated with the A o
update the weghts and bawes of the wiwmal comechon
berwesnn the imput amd  output  vanables Three
Eyperparxmeters of the AN mode] were conzidersd for the
optmmiTEnos proce:y they were the mumber of newons
the hidden laver. learmine rate (o). and momerme (4. The
adventges that poke fhe adlpondthm snd out are 1
amphoty, feoblsy, robustnes:, and spenor coovergence
festures (Yaseen ar al 2015} The actreaton fametion of the
lmddan byyer 1 configmred a1 3 sigmoid famction (Jogstc),
whils the curpat faver sctivanon fanction 1 the recnfied
bpear wt fanchon (rela)

4 5 Genatic algoriivm

Gt ' Migprithins (GA), Teapanad T e proces of
el selechon. were G populanzed by Holland (1975)
sad B developed by Goldber (1989) A G4 =
 metaheunste that belongs 1o the larger clans of evolunon
aslponthen (EA) This algorithm mumors the process of
manwal selechion, where the firtest marniduals are selectad
for remodocnon to produce offiprne of the npest
peneration. Ons of the maum advantages of GA 15 sty abality
1o sexrch slobal opomal valses m 3 complex searck space
[onit-medal, wmls-objective. nop-hoew, dscontmmons,
il haghly comorained space) Becawss of this capability,
GA bas gmned popilarty @ savwa! optizsed applicahons

and Degertelom 2004, Nobaban = ol 3017,
Chan wt al. 2819, Gomees o ol 2015}

In pereral an mdivielmal 5 chascenzed by 3 st of
parameters (vansble:), o called gene: Geme: arw joimed
meo A Snng o form 3 chromesome. In GA. 3 deomosoms
kas 2 fixed lensth that encodes: penes to binary values (a
vnng of 0 and L1} The mplamentanon of GA may be

specified m the follovwang weps () popuianon mrazhzahon;
(i) wxakinte fimtn Baneetiiny, (1) selaction: (i) oot
and mmtahion; (v} fermuRation.

Comsnenly: the GA starts wnth 2 et of mvdbideiale i
randomly geperzied. called mutial population Then the
adaptanion of esch mdnidng] n enmated by the fimwess
funchion, e.g. oot mean sgore emor (RAMSE), wiach
deternunes the shiley of an mdivadus] to contend with the
other: Each mdimdual 12 grven 2 Siness soore 23 3 baws of
the selection for seproduction The GA then selest two
paars of indraduals (parents) according to ther ftnes: scom
(the higher fimes: wore 1 e more chance ey ae o be
:&chd}ﬁmmtuhmmupﬁcmﬂxnimﬂk
whare the parents pass ther genes to the next penerarion A
crecvoves poant 13 randemly chosen to determine the ranss
of penetic exchanze berween two parents When the penehs
enchonge of paorents smong them-elie maches the
crossover potnt. 3 new medvidual. a5 calied chold, 15 created
and added to the populshen The chuld retumed can be
egessed as

C=P2+R, % (P1-F2) 13

where B, 11 the raho imcdiesnng how B the chuld (C) =
from the better parent (P, P2), and Pl = denote: the parent
hivms behe lm,tﬂuhﬂmhmof
mﬂm'h-'l-mﬂ-ant d by a
pa':nﬂurf which has m&:ﬂtﬁﬁmﬁﬁ.

hmmﬁvbﬂdﬂﬂ.mﬂiﬂlpﬂﬂ

may be mutated wath low rndom probababity, P
Mm:ﬁ:hlhm& populaton and thereby
increases  the lhkehbood that GA  sensrate:  bete
wmdniduals [t oocun fo mEmbun venety withm the
population and prevent prematwe comvesgence Finally. the
GA i if the opping condinon 15 sansied, and the
beat solubon i3 found 1 the curent populshon Th
condifion can be based on the chromosome srechae or the
specaal meamng of the clwomwsome The forme poverns
the mumber of penes that e comverpng. wiereas tha later
expapunes the alponthm eveluhon after each peperanen The
GA fopshes: of the musber of geoes 15 squal or lagher than
an 1denneal value, or 13 chanpe 13 less tham 3 consfans
When the stoppmg condihion: e not met, fuz mooe: &
repeated wath the new populinon umhl creating the best
peneration The executable GA o maplucally dlncztated m
Fiz 4.

4 4 Hybnd moce! implementation (G-MARS)

According to avauable stdies on the wnplementation of
MAES madels the primwsy drawback 1= idsotifring the
opumal vahwes of the miemal hpeapusmetas In the
present resesch the MARS mods] wa: conducted by
Pyvihon, an meepreted ph-level programmng ngeage,
with it packame "py-panth” A: menhon shove ome may
comstuct 3 MARS medsl wath 2 vanety of hyperparameter
options, melndine 3 mooewyn bav fwenes (Eew e )
M. masnmon misrachon (also called 33 pEodoct degres)
I, and perulty paramersr 4 However, wiule semng the
optimal parameter: comltansowsly iz difficatt wang MARS,
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;...... Wlilf e ..LT‘H_

= e i

Fiz 4 The GA fowchar

mich opome=yton npnificamily wpreves the predichon
accwacy of MARS A bybnd ooded GMARS was
developed far unlmed to overcome fus problem
dhetrated m Fig 5. The sep mnobed am semmersed
below

1) lnitialiving and sucodine

Three MARS bypmparametrs: o be optmemed wee
encoded m bimary formad fo peduce the chromossnses
Elamwents of the chromocome Podefined by Pipi, 7o, s}
represemted (Mo, Jowe o) where pyoand gy were mteger
valoer and py waz 2 coohmuow: value The k-fold cros-
validanon method was used i thes resesrch to reduce the
over-fiting problems m the selected modsl TWith 504
expenmental data. the 10-fold was chosen for developms
the hyhnd mods] Fostiy, the ohole dats we dnaded mte
two pariton:. namely gamang set with 205 cases (80%)
ool pestime st wath 99 cases (20%) To mplesnens the
crons-vahdated procedurs, the tmmmg datz were mndamby
sefected and split into 10 dstinet folds whach mesn esch
fold contuns spprovamately 4041 cases (10% of 405} For
each mepmen MARS moedsl was performed on 2 raming
mbzst (une of o folds) wasg 3 speafic combzanon of
(Mo, Lo ), wrhile the remamny one dateset was wed w0
wabdate model parformance by calculstmg the fitoes: vahm
fiem fmesy fncton The [D-fold emesabdsnen
techmaque srategy & preceoied m Fiz. & Thiz procedae
repented for each fold in the mumme et o fur a1l falds
were wwed ooce 2 the valdatios fold In thes case, the
fitness Panction was e mot mean square svor (RMSE)

u) GA sperator:

The prvniows popalaton was veplaced by the offiprag
pfter complenng the GA aperaters. L& selecnon crodsover.
and omhnon The mbo R, te comever probaladdy Flo,
i ommaton probabiliny P, were chosen | 2, T0%, and
10*, repectvely (Ren and Ban 2010, Eosopualipoos #f al

2019, and defimed mr the firm step In this stmme GA
sexches the best combimton of byperpaameter: (M. -
wun ) 10 each pensvzmon

) Terminang criteria

The optmmsshos proce:s i stopped once the
emmnaton cntenon o whsied Before reackng thas pomt.
the G.-MARS model proceed: fo the paxt pessrafion
Became A was wsed a3 an evolunomal search enpine. the
stop crfenos 15 often the mywsein maiber of sensration.
(G

w} Esumating model and decoding parameters
was obtamed when the termunsthon outenon was falfilled I
meyey that G-MARS he: completed the rummne process
and ©osctive m peedichng pew wput data (hestmp wet)
However, all the encoded parymeter: nesd to be decoded
followmng:

I
Jrﬁ:pzlnhir'-:z'-hhu” 18

where ;. - decodime value: o - precison 12 caleulyted 2o
PSS o whuch by and by, ate gppes bound and
lower bound of porsvwter X respectrvely, L 1 the
chromosome lengih: b s 2 nary valee (001 1)

For the ke of decpn a G-MARS modal 3 perasstne
sindy was smploved fo deterzne the maxmmam smmber of
sensEnony (Fu/ and the populstion aze (P, wiuch are
the mow wilvennal paamesrs mw GA To deternune the
optmsl vahie of Ge.,. sz modals were bult puins vanoe
valows of P, 1e, 10, 20, 50, 100, 150, 200, 230, and 300
wth the §-fold cros-valbidinon methed In thess modads »
vale of 500 geosrations was chosn 3 the shoppmg ocitena
conndenng RAASE Al parameters fon the proposed G-
LARS model are brisfty listed m Table 3
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T e

T b LB i

| cudwene |

Frz 6 k-fold (10-feld) ereas-vahdanon veheme
4.5 Evaluation criteri

The performences of the mopesed medel (G-MARS)
ool the benchemark model (G-ANT) were evalusted nung
several well-lnown statisheal mdicators. sueh 25 coefficient
of detervmnaton (B, root mwar sowre emer (RASSE),
mean absolate eror (ALLE), mean absolue perventage aror
(M4PF) snd Lepates sd MeCabe index (IAf) The
mathemorhcal sxpression: s grven as follows

Er. (N = A2

PR -
=1 E'"._"__T..{NE e {an
s = [l = NP as)
,J [
MA.E:E""N:_H: e
n
100 |ad =
MarE === e o0

f=1

o [Edne ]
=1 - w

Table 3 The byvbnd G-MARS model parameters

Componeat P paremeaT SemmE
MARS model
Esnmusor nype EsTimaey eariul)
Evaluanca WOnng 74
whm“m " W L 50y
mﬁm =3 mam_dsgree 8
Smwothmg prametes () pemalsy (243
tumiber of evreme dars
valuas of sach fasnow oot ead_wpem
elibite as kned locations
m contelli  acicpun aiphs &y
e g E mpn sl @D
Fina :! feanire o—  type OV
Crom-validanon methad — H-fold g
Miniher of Salds a_splin L]
Tesang petiton Mt
Cenrnc algznrkm
MammEn peneminon G o
Populanos e " 00"
Combenanomal vanables
-AL, M inpesEr
- m inpegas
=i i Boat
Dufferwntial rafin B, 132
Cromanms rato Fa &7
Mimonon Moo P a1
Frmes: fimction RARE
* MUEIIE Ve

whae N and NV me respecovely, the aemal amd
pencicted linate eipacity of OCFST eolobws, N, ia fhe
mean of acmual M. and # o the cample uze The most wdeal
made] with the valus: for B RAUSE WAF WAPE and TAS
are I, 0, 0. 0% and 1. respectvely

5. Proposed hybrid models
5.1 Simuifation resuite

51,1 GMARS performance

Az ooted before, to demgn 3 GMARS model 3
parzmstric sudy was emploved, to determuns the mawimam
munber of peomrations {Gew! and the populabon coe (P,
which are the most nfheena] promess m GA To
determuns the optimal vahoe of Ge., mighi modsl: wem
blt wang vaniows values of P e, 10, 20, 50, 100, 150,
200, 250, and 300 wrth the k.fold croms-rahdation methad
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Takis 4 Performance of vanous populabon mzes for predcing the nthmaw capecty of CCFST cobmms

B (1] i ] &0 100 1% 200 359 300
Snene indax RACE (0 GB1B5 61512  MIE O MEST  £155]  IBSF AN 3TN
= 08423 QEElF  0SSIE GRTMP OS3FT 0S40 OBSS2 OMT2
ALLE (W) #4748 43042 I644E 1T 30GTH 21840 20837 24421
Facking RMSE (29 1 2 4 ] 3 g 7 5
R 1 2 4 -] 3 & 7 5
ALLE (W) 1 2 - ] 3 d 7 5
Towa! 5 4 12 4 ] i ] 21 1%
FPrrumster A n 12 4 18 3 17 w -
- 2 2 3 2 3 3 2 3
o 130 int 104 ang 145 in i 134
M, t] ] i ] g I3 18 1
“Buaikd vhilaes ape 1he hedl pertiormmane &
In theswe model: 3 value of 500 pensrahon wis chesen 23 of term in the proned meds]l Thy mesns o

the stoppizg cena conadanng RASE

As dipiayed m Fiz 7, the EAGF values were stable
after the 200" peneration In the final sep. the eight-
developed modsly were evalusted based on thew stensmes]
pefomance. Table 4 prwsents the results for RAGE, 27, amd
MAFE altuined fom these models perfiorm on the valdsnne
mbat A maskmg method wa: wed iv chooos the best
Ivtmd paodels m thes case. The mode] whach had the Lowest
RAGE MAE 5= ranked the kaxghest score and 1ce vers
Comversely. the medel wath the bighest value of B received
the maxpmom pgans core md the severze For eample,
the obtmmed coeffinents of determmanon were 08413,
D.8515, 0.9538, 09739, 0.0397, 09430, 09662, 09572,
respectvely. The asngned rnbangs for these values were |,
> 4 8 3 67 5 mepectively Somluly, this work was
repeated for AMAE and MAE

The be=t mode] was selecied hased on total ranking by
mummung up the thres stansncal mdices It was hesiraced
th e modsl Budlt by 100 pensraions (P, = 100), with
total rank of 24, was the best G-MARS model. The optmal
combinanen of MARS' parsrnstess is 3lse shown i Table
4 The value: of Moo L. snd J wae 18 1 and 103,
rempectvely. Remarkably, the values of mucommem basis
fincton M. winch vaned m the mnge from 11 o 25,
aifect the scowracy of predicnen sipmficantly Alse, the
sumbe of wherachons among wpst vanables fea altemated
berween | and 3. It was found that no fold had 3 default
wvahse of peoalty parmreter d insde the refered ange
(Fnedman 1991). Therefore. ot can be concluded that
ummltaneowsdy choosme :smable parameter value: 12 2
challenge for wsars, and the mstance of these parameter
valoes depends oo nwer expenence that may be outade e
mgpesed mnge. This seiemsent 13 m pood agreement with
our previods mvestigation (Luat e of 30200 Ir o
noteworty that the value of M (16) mdicates the muomber

phase. Finally » ew explicst foromlaton was derived fam
the poposed MARS modsl for predsctmg the ubmmats
amally eapacity of CCFST enlumms ag fallows

NI =23044 4014 x By (x) —0.27 w Biix)
=196 B, (x) + 3157 X B,(x) = 140.23 x B.(x)
+120.9) % By(x) — 1263 % Byix) + 0002 x Balx)
=530 % Bale) +2.08 x By (x)— 007 x By, {x}
#1380 % By ln) =041 o By, (x) =071 x 5,(x)
+0.14 = B, (x)

whers, L B_ 1) sow bans functions of the MARS model
ﬁ;c-ﬂm{!-l.mdm'mm'l'ﬂﬂnimﬂ!ﬂ-n comezponding
cosflcients {r.).

Tabie & chows the predicton performancs of the best G-
MARS model on the tmumg dGboet wb 10 ous-
vahdshen fblds As shewn o this table, the MARS model
achaeved outstanding K values (close to 1) of 0.980] smd
0-973% fior both muinmg sod validsting subeets secpectively,
illnstratmg that the wodal acowamly and stably predicmsd
the ulnmate sl espacsty of CCFST columes It wm
obsarved that the haghest B and T values, and rthe lowest
EMSE, MAE MAPE vahws for toamne subser wers
obtimed fom fold 3, while thewe value: for vahdatme
subet wese obtuned from fold 10,

The sverage of MAPE for tramong and valuatme
prediction: wers 14 38% and 13 1%, respecavely, with botk
values below 15% evar, mbicating the robustres: of the
MARS model The suall value of standard devianon, whach
ndicates the sroposed MARS madsl slss prowades stable
prediction. was ecaly 04Me and | 54%, respectively.
Ilorecver, the difference m MAPF betwesn maming snd
vahdating subvet was 2 ounor vahe of 1.1%, demomstoanng
the MARS model provadead » less-ovmfimee predienoe

e
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Fig & The comelation between predicied and actual output perforoung ou fold 6 (3} raming ssbeet and (b) valdstng subsst

Fold 7 wan selected o praphically show the comelsnon
betvresn the predicted value md messmed vahe smee 1
results were smalar bo the svempe valoes, 23 seen in Fig 5
It clear that most data pounts w the tramng and vabidakng
mibsers fall wten te +00% lme demonchanng model
prediction abilsty with reasonabls error:

MARS model a kyhﬂﬁ-ﬁ?ﬂqmnﬂmhﬂbmdm

the ANN medel fused with GA ophmmzaton In this stady,
GA was used to optionive three parameters of the ANN
medel, the mumbsr of sewoms m hidden brvers, learmng
rate, snd momestuen Smule to the G-L{ARS pmodel the
parameters of GA operators, mcluding rana K., the
crossover probabibty F.., snd mwfation probability Pew,
ware chomen to be 1.2, T0%, and 10%%, mespecowely A
parametric study needs to be employed in oader to
determice the CGa. value, wiich affects network

performance. Eight models with vanous populabon tizses
(10, 20, 50, 100, 150, 200, 150, 300) wers buolt, and ther
BMSE wahees were extacted over 500 pensntions
Consequantly, as with the previous bytmd wmodsd, the RASE
values were found to be wnchansed afer e 000
gonarshon

The determumanon of the optimal fmmz values of the
ANN model way oplemented m the zame monner a0 the
proposed MARS model With the best populshon mze of
100, the valse: of the muher of newoe, lesrmng rate (@),
amd momsomm (4 wew 9 00172 and (04589,
respectvely. Therefore, the ANN strocture was found to be
5-8-1, a5 dhwotrsted n Fig. 2. The sctvation fimction of the
hidden layer and owput by wee lopute md relw
function, respectively. The conpection weghts and Tnases of
e optumal ANN model wers given m Tabls 7.

Table 8 pwesents the estonated G-ANN wodel reslis
sppiving 10 fold cross-vahdation wath vanous crtena
indieas T purral, e GeANON medl pevwatad = ralabiouly
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Takle § Bams fimction of the RMARS model wnth thesr comespondins equation and coefficwmts

B.ix) Equanen (ad
Eil) 1 1iM 38
Bifx) k{0, 1580 - L) o4
Bufx) max{l, L - 1580) 027
Byx) mar{l 1887 - I} 1936
Bux) max{( D - 18ET) Bl
Bifx) maxil, 1908 - ) 14023
Beix) max(b1 - 108) el
Br{x) max{l 108 - ') 183
Byft) meae{0. 1580 — L) = max(0, f, — 326.5) 0.002
Befx) max{l, [I73= 0} max(Q =108 -5 30
Buslx) maxi{l 0 = 127.3) & max{D, ¢ = 2 0F) 208
Byix) max(0, D = 1687) ¥ man(D, 3381 =f 007
Bixx) max{l 0 = 168 7) « max(0, ff — 359 13
Bisxd max{0 [ — }88.T) ¥ maz(0 350 —£) 041
Bidx) max {0 D — 188.7) % max(0. fF —41) o
Bidxd mex(0, 219 7 — D)« max(0 108 — 1) o4

Table 6 The stansnczl performnes metes of the opton] G-MARS awds] performng on trasnme dats (ranenes and

vabdatmg rubsedz)
Tramige Validanne
Fald EAGE AL e MUFE Ly BAGE MUE & MAPE Ly
En e =) ) &N . *a) .
1 HEDR 1M 0P M O848 0401 13620 0988 134 DET
2 B0 16807 Geedd 1447 0gd M58 19EB0 0sTTR BIl 083
3 1381 leedd  GsEMM 1517 esds 13 WL 0mTE ii4l o0&z
4 4547 18997 Qodld 1411  o8% Wi iy 21311 Qe 1540 0B1
£ M4T0E 1TL 84 opel7 1434 D3 17455 16680 08453 1340 D30
& 5754 1415 G083 438 GBS0 17658 HImW 08774 1310 0840
¥ nn TSk G980l 3] AR IHETS 186797 09814 g 0843
g 15306 17158 QeTT3 429 F -] T05 167 48 LE 1384 ogge
] Bise  1W9E  0eEl 414 o853 M8 wmiae opan 1524 0sm
10 MEIE 1T apTes 484 DE4] 1TLee 1ALTE dear FLY R T
fo 150054 17014 Godnl 13 F 2 R 17011 LR 15.1% Ohs
S £z 140 GOGLO 04l Do s3.07 2408 00140 14 003
*Biold valoes are the best pariormance
secuwate predistve mede] with kisk vabus: of 8 (B95747 5.2 Companson and dacuasion

for the tamung suboet, and 054754 for the vabdatng
sibvser), In tevmms of AAGE, the values for the muning subaet
(401_19 10) aid validasimp sisbeat (476,63 KN wwuen 76.6%
and 713 respectrvely. lower thsn the mesn acmal value of
the trairsing set {1719.15 kM) Maanhils, the MAF rates of
BT were the name for both wamng and validanng subssrs
Feld 10" echilitad. e Tast pacftomance. with - soparine
memcs, and thew preducted values are displaved mn Fig. 10
tocether wath actial values

5.2 1 Results comparad fo the benchmark mode!

Obsevang guahtatvely Fipn B and 10, of 112 enydent that
mot data points obitzined from both the G-MARS and G-
AN model: are very close to the frted bne and wathin the
=1 0% marpme To compare the predictability of oo

dels, thes perd: = on the # = setz are shown i
Fig 11, It cam be seen that the G-MARS moddel performead
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Fig. 11 The actual and predicind valoes by G-MARS and G-ANN
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Fizg 12 Radar chant of performance evahmtion of reo Ivbnd predictive models m the (3} tramme subset, () vabidaong

subuet and (¢) techng =i

the preducted values of ahnost cases sre conustent with e
achaal values

The Sve satstiesl mdices that sppesr in Trbles & snd §
ware qunttively anslyzed o evaluate the performance of
both hybeid models on the testing sef. The walues of
(RAGE R MAE MAPE LM) sttamed from the G-MARS
and G-ANN models were [225.56EM, 05838 159.57,
15.22%, 0.8599] and (369.65kN, 03337, 1?4'?9];1'4
17.14%, 0.B457). respectivedy. These values for bumne

proposed G-MARS model The value: of B and LA, on the
other hand have the oppomte trends It can be thesefore be
concluded from Fig 11 that the G-MARS model has
considerably superios predictability compared to the G-
ANN modal

5.2 2 Comparizon with svakable metfhods:

Fip 13 presents the predicted valse ¥ obtined fom

proposed bybnd G-MARS model, the G-ANN modal
Hmmmnﬂhﬂhmﬂltﬂ_
AISCI60-10, ECY, Geakowmmels and Lam (2004), and
Wang ev al. (2017), compared wath the resules from the 504
-p-!.l!-izl&lu.whm.-!. Tt ran be choerved that twe
be clese to the 45" Gited hoe which illusthrate: perther
CEreSEITAtIon BOT Thdee i Imanon. the valnes
obtsined Bres ACTITE 14 3l Wang ar al, (017 tersd te b
underestmeted with 3 luge wamber of cases below the
feved Line
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Fiz 14 Sanpls distnbubon of vanog: metbods 1 =1 00% emor range

Furtbenmore, the emvor dismbunon of all methods was
tsinad, s tabulated in Talila ¥, seul praghically it in
Fiz. 14 In the majomry of cases (89 1%), the G-MARS
model exhibited stpmBieant securacy with an eno in the
range of [0 — =30%]) and reached all mples m e e
tanme of [0 - =80%] In contrast the ACTI1E-I4 penseally
ve the wort pefonmance with a mmmenry of smpies
(25.6%) vielded in the [0 — +30%:] amror ranse. For the other
metbods, these parcemtages were 16.2%, 34.1%. 337,
40 9% md T56% for the AISC EC4 Gukoumel: znd
Lam's (2004), Wang's (2017}, and G-ANN model,
respectively Moreover, none of these nwdels spprosched

enme data m the emor renge of [0 - =100%). meledng the
G-ANN model (34 ™4) even thowsh performed a3 good

Table 10 quanttatsvely Tuver the statatie sl e stor: of
all seven method: perforuung on all saoples From a
penersl portt of 1iew G-MARS snd G-ANN modsls hne
compranarye sowngth of concrete (). The least mmportant
the most scowmacy in terms of the highest 5 (05803 and
9608, respectrrely) and lowest absobute muors (e, RAGE
MAE MAPE and i) Comversely, ACI31S and AISC360
were the lest acourate equations wath an average emvor of
over 3" even though they bhad hgher values of B than
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xlm:mmmiﬂnwm‘mmﬁ;—' iz an = dam e and validating
]
Ty NEIEAnRL
Fold AMGE MAE . MAPE RAGE Mas ; MAPE
L] L] A 4 g ] ) L ) il
i 015 23100 0080 15T 08558 Mesld TRl Oes 1335 GTe0s
2 30745 2188 00638 1475 g8 M5 b el T 1813 GRS
3 30530 | 23547 05515 1533 OMIT ST Elm 0857 1736 0748
4 9542 148 0SESE HE DM iz 20 43 Lo ] 1781 @TTE3
5 BB 1NNT ORGE 1304 DE4S o 7. L= 178 ETHS
] ISR MLIF 0RES 1566 ORH5 447 W0 08500 143F 0
7 30780 2[5 0067 1ipg 08338 M W 0N L
£ L1512 e 2 1385 0834 5487 LT 0L 1830 8007
L 3077 2940 008 HER 3074 20528 DS4M 1423 GTeEd
Ia IB5T7S IGIT (5eE 1238 083520 305 ET 3081 0 o 1405 0R383
A e INm 08842 1451 0337E 40033 IMMET 0T 1858 07915
wd 278 524 000 1.6 fL00E1 ke 3525 D001 165 LR -]
*Bioid values ate the bt perforrisncs.

Tahle % Enar distrihobon of vanods methed: in fem of quantty of dats within evor range and thesr propartion to the

whole datz
Fanss of smer Muarkod

*3) ACT AZSC BC4 GLM w17 Gl GA
= o 43 45 @ I 74 248 154
W=« LS (T 1] 117 ps 147 3 324
o ph 7] 113 o 131 %1 301
(=g 5 149 171 14 194 280 T8 87
o 1% 132 in 170 204 48 381
m_’jﬂ] ] 254 2 M1 337 408 1 758
Hao 183 b 14 2530 28 138 473 41z
30 - 40} L 83 #1 A58 453 474 Bl BT
Mo I m 285 165 m et &2
§0 - a0 5 514 38 365 524 543 070 837
o 308 g1 304 03 204 104 39

L
90200 5 807 603 803 51 447 o4 #71
) Ha k] I Ek 3z 33z 403 443
[ "l L] 675 &77 B0 855 a5 BER gze
Mo 35S i i 358 355 504 454
(0= L] TES 756 pLo T30 724 T 1
o, 425 417 407 7 W5 S04 474
= LS 43 g27 0% 784 784 100 240
Ha F a7 o 418 208 304 2

il

(90100} 5 £ 1 847 87 s 810 100 g

Yo GLEA — Caakioamits mnd Laan (20041, W17 - Wang GO T), GM - GMARS medel, Gl — G-ANN model

Cruakoumnelis and Lam’s (2004} From the shove discusson,
o 1= oo that the G-MARS model provded the best
esnmmote of the ultvmate capamiey of CCFST cobumns

5.3 varabies imporfance
Ome of the most valuable advantages of numg MARS 1
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Fig 16 Inmeraction plot of the rvo mest influental vanables (3) D &t (X=D Y= Z=N)md &) D & f (K=0,

Y=g, Z=N)

15 capactty bo mierpret the poportanee of the mpul vanable
after the pramng process. IF an mpot vanable was never
wed in sy of MARS basss fimetioes io the fnal naodel st
b an wnportance vale of 0. Fig. 15 dthows the relamve
mportance of the ispat variahles which i3 svahusted by the
merease 1w the GOV by removing the conmdamd vanables
vanzble = te dooetw of conlar oos-mcbon (D,
followans by wall thockmess of stesl mbe (1) and the
comprezuve srensth of concrete () The least mmportant
varsbles milnencmg the predicton were the langth of the
cobusin and fhe yisld strength of stesl fibe with fhe sare
vame of 2l4% B = nowwmthy that the vansble
importance oply measures the mmpact of the prediction emor
a5 featmes aw meclnded, bowwver, o doss oot measww the
mpnet for particuls basn fmetions cested for 2 Even
i Far Fig 15 cophes that D, 1, and £, am
the thees most spuficant mporGnes; boweves, the non-
bnesr patiemns for each feature con mot be sccessed

For further evalunon, Fig 16, gaplacally presents the
mierarhon of two combmed the most influental varables
with the predicted valoes. Thas misrechon plot mdicaies a
srang effect of two-pans comthined feafimes on the ulbhnte
woal ezpacity of CCFST columns. As seen m Fip 16{a),
two koot were found for the dumeter of circuly oross-

“Table 19 Feanity compartson with available methods

Smrisnr performane

Mlebad BEE ME ,  MPE

1 B 6L (%)
ACGIE014) 09967 G3L7E OB6El 3574 08451
ATSC3H60 (20007 SIT51 S6071 OESDS 3235 05088
EC4 {200) G564 3431 OROTI 343 06613
Caskowmshs -
milampoog TOESE 48150 0SISE 1726 0®m
Weng (2017) 8l8TF 35700 OERd3 2303 QA48
G-ANN i 12205 Qo0 1527 0B
G-MARS

5 P

s smidy} HMi3 T6BEE O3 435 0BT

secton (2t 1287 mm and 2193 mm) while the wall
thckness of steal tebe recerded 3 knot of 2966 . From
each koot the nltimate axnal capactty meresse with a bghey
miarpn than those lesy than knot values, Ssmalarly wm Faig
D6(), Hhere -are tivo knots for both B diseder 3ud the
concrete congeeswve srengi. For columps with more than
2183 mm dhameter there 12 & prester marmnal fect on the
ultumate capacty of CCFST columns than those constructed
wnth less then 2193 mem For colunans buiht wath masnmwies
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vaes of diameter (430 mm), fom the 4064 MPa o 5639
MPs of the concrete nmimmﬂi:.lﬁl_\r.-n‘hh
decrzase shghtiv. In comverse, the V. dramahcally morease
= f emcesd 5619 MPa. Likewase for CCFST coluimns
wus produced with 3 mozmmm vahe of coogmese
mmﬁ].ﬂilih[[’ﬂh'- vahue bas & draspeally meveass
f the diameter of colunas exeed o freshold of 1799 pon

&, Conclusions

Thos smdy inendad 1o exend o previous Treshganos
m CF5T columes endes eccenmmie loading (Lust o al
20200 A new bybnd data-drven approach, G-MARS model
wa: proposed o predsct the ultmste capacity of asally
loaded CCFST cobunns. The penetc alponthm (GA) wes
unlized to optmre tres hyperparemeteas of the MARS
model The combwmed medsl also washigsed the
interaction berween the peomemeal and matenal propemies
of the CCFST colunm and it axal wimate capacity. For
thy purpose 3 datshace comtmming 504 congEesune
CCFST column tests ware collectad fom vanow publshed
researches The proposed bytmd medel was then validaved
wang 1 benchmak bytnid model G- AN

Baned om the duonsion sbove and compansens of the
be gnen as follows:

1 T peneral the proposed hybed GMARS moded
revealed Tupenor predictve perfommance over the
benchmatk vbrd G-ANN mode] x: well a9
encting methods. Mareover, the MARS model can
be efficiently unbsed to develop an empoweal
forpmiztion for predicting e ulomste capacy of
CCFST colunwe and emploved 23 a handy
pedicthon tool with satsfactory predactabulaty
The obtained revalts m tevme of siatiateal mdieatars
e wrver destnbubon mdicate the bybnd G-MARS
model 15 2 robust and reloble modsl that can
accurately ssnmate the wibmate capacsty of CCFST
columns for 3 wide range of vanables This mxge
covwr: the peometncal properte of the diameter of
thie cueular cross-sertion. the wall thickpess of the
ztmel mbe and the length of cobumm aduch were
abered from 15 4 mm to 450 mm. 252 e 12 75
mm and 15235 oem ie 4158 mm respechvely. In
addinon, the ranges of matenal properties m feme
of concrete compressive stensth and the vield
sirest of the stesl fube were tken o accoumt,
within 517 MPx to 111 6 MPa, and 1857 Mpa o
68159 MPa, mspectvely. For cases m whoch the
et varinble valme: ste beyvond thess rangss ghe
moposed G-AARS model should be apphed wnth
cautcn
3 Vamable mportance amalyes wwre then conducted.

The dismeter of the cuoculy crom-secton wes

found to have the most miseokal m the predicirve

GMARS model In commast the lenpth of the

colimn and the yield streas of the steel tube chowed

the least effect ow the proposed mods]
4 Abhough GMARS & a2 powserful model for

fed

mmhubmmuffrhﬁ:&
epind i

fiwther smdies me mll peeded o wpove the
sccursey level 32 well 3 congpmting cost Some
movel approached can be applied, such a: foang an
ensemble fee (madiest tee machine) bagged
support vector machme, efc., with other mange-
mapared  alporithms swch o2 de  Sonebed
Anmealing (5A) (Alsw e al. 20100, Astificis] Bee
Calomy algoithm (ABC) (Chenz and Cas 2014, oe
Fuefly algonithm (FA) (Bu & al 201E)
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